We demonstrate the strategies and principles for the performance improvement of layered semiconductor based photodetectors using multilayer indium selenide (InSe) as the model material. It is discovered that multiple reflection interference at the interfaces in the phototransistor device leads to a thickness-dependent photo-response, which provides a guideline to improve the performance of layered semiconductor based phototransistors. The responsivity and detectivity of InSe nanosheet phototransistor can be adjustable using applied gate voltage. Our InSe nanosheet phototransistor exhibits ultrahigh responsivity and detectivity. An ultrahigh external photo-responsivity of B10 4 A W À1 can be achieved from broad spectra ranging from UV to near infrared wavelength using our InSe nanosheet photodetectors. The detectivity of multilayer InSe devices is B10 12 to 10 13 Jones, which surpasses that of the currently exploited InGaAs photodetectors (10 11 to 10 12 Jones). This research shows that multilayer InSe nanosheets are promising materials for high performance photodetectors.
Introduction
Broadband sensing from the ultraviolet (UV)-visible to the near infrared (NIR) wavelength has various applications in image sensing, communications, environmental monitoring, and remote control. [1] [2] [3] [4] [5] Traditionally, separate sensors or materials are used for different sub-bands in the range from UV to NIR wavelength. [1] [2] [3] For example, gallium nitride (GaN), silicon (Si) and indium-gallium-arsenide (InGaAs) are commonly used for sensing UV, visible and NIR light, respectively. 4, 5 The photoresponsivity of GaN and -Si based photodetectors is below 0.2 A W À1 , and the responsivity of InGaAs devices is usually less than 1 A W À1 . 4, 5 The detectivity of silicon photodetectors is B4 Â 10 12 Jones (1 Jones = 1 cm Hz 1/2 W À1 ), and a typical detectivity of InGaAs is greater than 10 12 Jones when it is cooled down to 4.2 K. 4, 5 It would be greatly advantageous to have a broadband photodetector system with high sensitivity, fast speed, wide spectral response from UV to NIR, and high detectivities achievable at room temperature. A small band-gap semiconducting polymer blended with a fullerene derivative was used to fabricate high detectivity photodetectors with a wide spectral response from UV to NIR. This polymer photodetector exhibited a high detectivity greater than 10 12 Jones at room temperature, but a low photo-responsivity of only 0.17 A W
À1
. 6 PbS colloidal quantum dots were exploited to give a broadband response ranging from UV to NIR, exhibiting an ultrahigh responsivity of 410 3 A W À1 and a high detectivity of 1.8 Â 10 13 Jones at a wavelength of 1.3 mm at room temperature. 7 However, the lateral structure adopted in these PbS quantum dot photodetectors leads to a large driving voltage of B100 V and a slow response, which limit their practical applications. Recently, two-dimensional (2D) layered semiconductors such as transition-metal chalogenides (e.g. MoS 2 , WS 2 , GaS, and GaSe) have demonstrated attractive capabilities for optoelectronics due to their ultrathin thickness, atomic flatness and the facile manipulation as well as their tunable optical properties controlled by thickness. [8] [9] [10] [11] [12] [13] [14] [15] 
Experimental

Synthesis and characterization of InSe nanosheets:
The bulk InSe crystal was prepared by using the modified Bridgman method. Multilayer InSe nanosheets were mechanically exfoliated from bulk InSe crystals and transferred onto the silicon substrate coated with 285 nm SiO 2 . The thickness was determined by using atomic force microscopy (AFM, Nanoscope IIIa Vecco). The structure and composition of multilayer InSe nanosheets were identified by X-ray diffraction (XRD, Diffractometer-6000 with Cu Ka radiation (l = 0.1542 nm)) and transmission electron microscopy (Tacnai-G2 F30, an accelerating voltage of 300 kV) coupled with energy-dispersion X-ray spectroscopy (EDS).
Fabrication of InSe FETs and photodetectors
The multilayer InSe nanosheets were transferred to the SiO 2 /Si substrates. Cr/Au electrodes with 5 nm thick Cr and 35 nm thick Au were fabricated using a shadow mask. The transistor based Si/SiO 2 substrates were annealed at 200 1C for 30 min with 100 sccm Ar : H 2 (v/v = 9/1) to reduce the resistance and improve the contact for the devices.
Characterization of electronic and optoelectronic properties
Electrical characterization of transistors based on InSe nanosheet devices was performed by using a semiconductor characterization system (Keithley 4200 SCS) with a Lakeshore probe station. Mono-chromatic light of 254-850 nm was obtained by using optical filters using a 500 W xenon lamp as the light source. The photocurrent measurements were performed using a semiconductor characterization system (Keithley 4200 SCS) with a Lakeshore probe station. The intensities of the incident light source were identified using a power and energy meter (Model 372, Scienteck).
Results and discussion
InSe is a highly promising material for applications in optoelectronics, radiation detectors and solar energy conversion devices due to its small direct band-gap of 1.26 eV at room temperature. [21] [22] [23] [24] [25] InSe crystals in this study were synthesized by using elemental indium and selenide as precursors (detailed in the Experimental section). The crystalline structure of the as-prepared crystal is the b-type determined by X-ray diffraction (XRD) ( Fig. 1c shows an atomic-resolution scanning transmission electron microscopy (AR-STEM) image, which shows an ideal hexagonal lattice structure, with a lattice spacing of 0.34 nm, corresponding to the lattice constant of the (100) direction. The In/Se atomic ratio was calculated to be 1 : 1 by energy-dispersive X-ray spectroscopy (EDS) (Fig. S2 , ESI †). Multilayer InSe nanosheets can be exfoliated from a bulk crystal and transferred to SiO 2 /Si substrates. Photon absorption is a very important physical process that determines the performance of layered material based photodetectors. We performed the theoretical simulations of light absorption inside InSe nanosheets lying on SiO 2 /Si substrates as a function of the thickness, where the SiO 2 thickness is 285 nm. The absorption is determined by multiple reflection interference at the interfaces and in the interlayers and the complex refractive indices of each medium in the multilayer configuration. The multilayer optical interference method 26, 27 has been widely used to quantify the optical contrast 27, 28 and the Raman intensities 26, [29] [30] [31] [32] of ultrathin flakes of 2D crystals.
Here, we adopt this method to study photon absorption of InSe nanosheets deposited on the SiO 2 /Si substrate when the light is vertically incident onto the InSe nanosheets. A multilayer configuration, air/InSe/SiO 2 /Si, is proposed as shown in Fig. 2a , where air, InSe, SiO 2 and Si layers are, respectively, denoted by indices i = 0, 1, 2, and 3. The corresponding thickness and complex refractive indices are designated by d i and n i (l) = n i (l) À ik i (l), where the n i and k i values are functions of wavelength (l) for InSe, 33 SiO 2 34 and Si. 34 The total photon absorption in the whole InSe layer can be expressed as:
where b = 4pk 1 /l is the absorption coefficient of bulk InSe, F ab is the enhancement factor due to the multilayer optical interference effect, following the notation reported by Duhee Yoon 26 and Naeyoung Jung. 30 In the calculations, the electric field amplitude of the incident photons has been normalized, so F ab (Z) denotes the electric field amplitude of the incident photons at depth Z in the InSe layer. 29, 32 For convenience, we calculated F ab (Z) by means of the transfer matrix method. 27, 28, 31 Then, we can get the total photon absorption in the whole InSe layer with a thickness of d 1 . By integrating over the InSe thickness, as represented by the above equation. As an example, Fig. 2b shows the total photon absorption of the InSe flakes dependent on the thickness in a range of 1-100 nm when the photon wavelength is set to 700 nm. The total photon absorption exhibits a peak around the thickness of 30 nm, which means that there exists an optimized thickness of the InSe layer for application in photon detectors. The theoretical simulations of light absorption of InSe nanosheets deposited on the SiO 2 /Si substrate suggests that 30-40 nm InSe nanosheets are optimal channels for high performance photodetectors because of the direct band-gap and best phonon absorption. InSe field effect transistors (FETs) and phototransistors are fabricated using Cr/Au contacts on 285 nm SiO 2 /Si substrates. Fig. 3a describes the schematic structure of the device in this study. Electrical properties and optoelectronic characterization are measured with a back gate structure at room temperature under ambient conditions. The thickness of InSe nanosheets is in the range of 4-60 nm, which is measured by atomic force microscopy (AFM).
The fabricated multilayer InSe FETs (Fig. 3b , channel length B20 mm; width B15 mm, and Fig. S3 (ESI †): thickness of the channel B30 nm) shows typical n-type FET properties ( Fig. 3c  and d) . The I ds -V ds characteristics agree with the conventional long-channel n-type MOS transistor, showing a linear regime at low V ds and a saturation regime at high V ds . This feature is an important factor for practical applications since thin film transistors (TFTs) in organic light emitting diode (OLED) displays are working in the saturation current region. InSe FETs show the saturation of drain current because the conducting channel is converted to the ''pinch-off'' condition at high V ds . The current on/off ratio is calculated by adopting the ratio of maximum to minimum I ds from the plot of V g vs. I ds . The current on/off ratio is (Fig. 3c , V ds = 2 V). High carrier mobility can promote the photocurrent inside the multilayer InSe nanosheet device.
To measure the photoresponse of multilayer InSe nanosheet devices on SiO 2 /Si substrates, monochromatic light illumination was directed vertically onto devices consisting of two Cr/Au electrodes and InSe nanosheet channels with 20 mm being the length and 15 mm being the width (depicted in Fig. 3 ). Optoelectronic characterization was recorded with a fixed illumination intensity of 0.29 mW cm À2 under different illumination wavelengths ranging from 254 nm to 850 nm ( Fig. 4a and b) . The device shows a broad spectral response to light from the ultraviolet to the near infrared regions. The I ds -V ds curves shown in Fig. 4a exhibit a significant increase of source-drain current by one order of magnitude as the device is illuminated. Accordingly, the photocurrents I ph (I ph = I illumination À I dark ) also increase with the bias voltage V ds , which is due to the increase in carrier drift velocity and the related decrease of carrier transit time T t . The dependence of photocurrent on the gate bias was investigated under illumination of 254 nm, 490 nm, 700 nm and 850 nm light with a fixed illumination intensity of 0.29 mW cm À2 and a bias voltage of 5 V (shown in Fig. 4b ).
The ratio of photocurrents at the ON state versus OFF state can reach an order of 10 6 , so that the photocurrent flowing through the whole circuit is efficiently controlled by applying gate voltage. In both OFF and ON states the device current increases across the whole gate voltage range employed. This indicates that the photocurrent dominates over thermionic and tunnelling currents across the entire operating range of gate voltages. The observed gate dependent behaviour of multilayer InSe nanosheet phototransistors can be explained using a simple energy band diagram (Fig. 4c) . When metal electrodes come in contact with InSe nanosheets, a charge transfer occurs at the interfaces via Femi level tuning at an equilibrium, which causes the accumulation of space charges in the contact region together with a band bending to form Schottky type barriers as well as a depletion layer. As the OFF state devices are illuminated (V g o V t ), light absorption and excitations of hole-electron pairs occur, which can be extracted to generate photocurrent by applying a bias. The photocurrent increases with decreasing wavelength because the higher excitation energy provided by higher photon energies can produce more excitations. In the ON state (V g 4 V t ), photo-excited current and the thermionic, tunnelling currents all contribute to the device current. Increasing gate voltage can shift down the band and decrease the depletion layer to lower the barrier heights at contacts, resulting in more efficient photocurrent extraction and an enhanced photoresponse.
Responsivity (R l ) is a critical parameter to evaluate the performance of a phototransistor. The R l is defined as the photocurrent generated per unit power of the incident light on the effective area of a phototransistor 20 The R l value can be calculated by the following equation: R l = I l /P l S. Here, I l is the generated photocurrent, P l is the incident light intensity, S (300 mm 2 ) is the effective illuminated area. Fig. 5a shows gate dependent responsivity (R l ) acquired at bias voltage V ds = 5 V. Responsivity is also highly tunable by the applied gate voltage (shown in Fig. 5a ). For example, the responsivity measured under the illumination of 254 nm (R 245nm ) increases from 1.65 , where R is responsivity, A is the area of the phototransistor channel, e is the electron charge, and I d is the dark current. The theoretical simulations of light absorption of InSe nanosheets deposited on the SiO 2 /Si substrate indicate that the thickness is a crucial element for achieving high performance of photodetectors. Fig. 5c shows the responsivity as a function of thickness, which was measured with 700 nm light illumination at a light intensity of 0.29 mW cm À2 under a bias of 5 V. The photoresponse increases from 10 nm to 40 nm and then starts to decrease with thickness. The responsivity is proportion to the photocurrent, and the photocurrent is mainly dependent on light absorption. Theoretical simulation shows that there is a peak between 30-40 nm for light absorption of InSe nanosheets. The experimental results can be explained by former simulation. The maximum photoresponse is achieved at a thickness of about 40 nm, whereas maximum photonadsorption was obtained at B30 nm (shown in Fig. 2c ). Photocurrent generation consists of photon-adsorption, photo-carrier generation and the photocurrent generation through extraction and transport. Actually, a 30 nm thick InSe sheet shows an adsorption of 8.96%, which is a little different from that of 40 nm InSe with an adsorption of 7.91%. At almost the same photo-adsorption rate, other factors (photo-carrier generation or photo-carrier transport) influenced by the thickness will further modify the optimized thickness, which need to be further investigated. When the photon energy is higher than the E g of InSe, the generated photocurrent is controlled by the illuminated intensity. Fig. 5d shows I ph as a function of illumination intensity under 700 nm at the gate bias V g = 40 V. The generated I ph increase gradually with the light intensity increasing from 0.29 mW cm À2 to 0.61 mW cm À2 . In other words, multilayer
InSe phototransistors can generate a light intensity dependent I ph . The good linearity between I ph and light intensity confirms that the generated photocurrent is determined by the quantity of photogenerated carriers under illumination. As the illumination intensity is increased, the responsivity is degraded, which is due to the trap states existing in InSe or at the interface between InSe and the dielectric substrate. The response speed is another important parameter of photodetectors. The temporal response of our multilayer InSe nanosheet phototransistors was characterized using a chopper generated short light pulse. Fig. 5e and f show the transient photocurrent of our InSe nanosheet device measured under a bias of 5 V at a light intensity of 0.29 mW cm
À2
. With the light irradiation at 700 nm on and off, our InSe nanosheet photodetectors exhibit a repeatable and stable response to incident light. The response time is calculated by averaging the duration values between light-ON and light-OFF (corresponding to 80% increase or decay). The measured rise and fall time are 5 ms and 8 ms, respectively, which are much faster than that of single-layer MoS 2 devices (response time: 50 ms). 8 
Conclusions
In summary, we have demonstrated multilayer InSe nanosheet transistors and phototransistors. The photon adsorption inside InSe nanosheets exhibits a strong dependence on the thickness, which is originated from multiple reflection interference at the interfaces of the air/InSe/SiO 2 /Si multilayer configuration. The multilayer InSe transistors show an intrinsic n-type semiconductor conductance and exhibit a high mobility of 32 cm 2 V À1 s À1 and a high current on/off ratio B10 7 .
The multilayer InSe nanosheet phototransistors have a broad spectral response from UV to NIR light. 
